A Case Study of Convectively Sourced Water Vapor Observed in the Overworld Stratosphere over the United States by Clapp, Corey E. et al.
1 
A Case Study of Convectively Sourced Water Vapor Observed in the 
Overworld Stratosphere over the United States  
Jessica B. Smith
1
, David M. Wilmouth
1
, Kristopher M. Bedka
2
, Kenneth P. Bowman
3
,
Cameron R. Homeyer
4
, John A. Dykema
1
, Maryann R. Sargent
1
, Corey Clapp
1
, Stephen S.
Leroy
1
, David S. Sayres
1
, Jonathan M. Dean-Day
5
, T. Paul Bui
6
, James G. Anderson
1
1
Harvard University, Cambridge, MA 
2
NASA Langley Research Center, Hampton, VA 
3
Texas A&M University, College Station, TX 
4
School of Meteorology, University of Oklahoma, Norman, OK 
5
NASA Ames Research Center, Moffett Field, CA 
   
https://ntrs.nasa.gov/search.jsp?R=20190025858 2019-08-31T11:55:29+00:00Z
1 
 
Abstract 1 
On August 27, 2013, during the Studies of Emissions and Atmospheric Composition, 2 
Clouds and Climate Coupling by Regional Surveys (SEAC
4
RS) field mission, NASA’s ER-2 3 
research aircraft encountered a region of enhanced water vapor, extending over a depth of 4 
approximately 2 km and a minimum area of 20,000 km
2
 in the stratosphere (375 K to 415 K 5 
potential temperature), south of the Great Lakes (42°N). Water vapor mixing ratios in this plume, 6 
measured by the Harvard Water Vapor instrument, constitute the highest values recorded in situ 7 
at these altitudes and latitudes. An analysis of geostationary satellite imagery in combination 8 
with trajectory calculations links this water vapor enhancement to its source, a deep convective 9 
storm system that developed over Minnesota 20 hours prior to the aircraft plume encounter. High 10 
resolution, ground-based radar data reveal that this system was comprised of multiple individual 11 
storm tracks, each with convective turrets that extended to a maximum of 5 km above the 12 
tropopause level for several hours. In situ water vapor data show that this storm system 13 
irreversibly delivered a minimum of 6.6 kt of water to the stratosphere. This constitutes a 20 – 14 
25% increase in water vapor abundance in a column extending from 115 hP to 70 hPa over the 15 
plume area. Both in situ and satellite climatologies of localized water vapor enhancements show 16 
a high frequency of occurrence over the central U.S. in summer. This work suggests that the 17 
integrated effect of deep convection can increase stratospheric water over this region and season.  18 
1 Introduction 19 
Water vapor in the upper troposphere and lower stratosphere (UTLS) is important both 20 
radiatively and chemically. The flux of outgoing longwave radiation is especially sensitive to 21 
water vapor concentrations in the UTLS [Held and Soden, 2000], with increases leading to 22 
cooling at these levels and warming at the surface [Forster and Shine, 1999; 2002]. Indeed, 23 
Solomon et al. [2010] proposed that variability in lower stratospheric water vapor concentrations 24 
has had a measurable influence on global surface temperature trends. Additionally, the results of 25 
a recent analysis by Dessler et al. [2013] suggest that stratospheric water vapor may constitute a 26 
positive feedback in the climate system, whereby a warmer climate leads to increases in 27 
stratospheric water vapor concentrations, which then contribute to further warming. Their 28 
estimates of the magnitude of this feedback in W/m
2
 per degree warming suggest that 29 
stratospheric water vapor may be important in determining the sensitivity of the climate system.  30 
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Water vapor is also integral to stratospheric chemistry as it is the dominant source of OH 
in the lower stratosphere [Hanisco et al., 2001]. Furthermore, increases in stratospheric water 
vapor concentrations can enhance the rates of several heterogeneous reactions that amplify 
stratospheric ozone loss by promoting the uptake, growth and dilution of the ubiquitous sulfuric 
acid aerosol [Carslaw et al., 1995; Carslaw et al., 1997]. Given sufficient surface area and 
sulfate dilution, these liquid aerosols can become highly efficient catalysts for the heterogeneous 
conversion of inorganic chlorine reservoir species to their catalytically active free radical forms 
[e.g., Shi et al., 2001; Hanisco et al., 2002; Drdla and Müller, 2012; Anderson et al., 2012].  
Despite the well-documented importance of UTLS water vapor to atmospheric chemistry 
and climate, the processes that control the distribution of water in this region are not well 
understood. This is especially true in the extra-tropics where several different dynamical 
mechanisms are capable of influencing UTLS water vapor concentrations [Weinstock et al., 
2007; Pittman et al., 2007; Ploeger et al., 2013]. The primary mechanism by which air and water 
vapor enters the stratosphere, i.e., the Brewer-Dobson Circulation (BDC), is characterized by air 
gradually ascending across the tropical tropopause, and then progressing upward and poleward to 
middle and high latitudes, where it descends and reenters the troposphere [Brewer, 1949; Holton 
et al., 1995; Holton and Gettelman, 2001]. As air ascends through the tropical tropopause layer 
(TTL), water vapor in excess of the saturation mixing ratio condenses and is removed by 
sedimentation [Jensen and Pfister, 2004; Fueglistaler et al., 2005; Fueglistaler et al., 2009; 
Schoeberl and Dessler et al., 2011]. Though there is debate regarding the efficiency of this 
mechanism [Jensen et al., 2005; Jensen et al., 2013; Fueglistaler et al., 2014; Schoeberl et al., 
2014; Rollins et al., 2016], tropical tropopause temperatures account for the typically dry 
conditions of the stratosphere, as well as the annual cycle observed in stratospheric water vapor 
concentrations. When tropical tropopause temperatures are colder in the winter, water vapor 
concentrations in the lower tropical stratosphere are lower, and when tropopause temperatures 
are warmer in the summer they are higher [e.g., Mote et al., 1996]. The signature of this annual 
cycle in stratospheric water vapor persists as the air rises and moves poleward with the BDC.  
Extra-tropical tropopause-penetrating convection, the pathway under consideration here, 
provides a means of directly injecting air and water, predominantly as ice, into both the 
middleworld (altitudes between the local tropopause level and the nominal level of the tropical 
tropopause at 380 K potential temperature) and overworld (>380 K potential temperature) 61 
 3 
stratospheres [Hoskins, 1991; Dessler et al., 1995]. In contrast to the slow ascent associated with 62 
the Brewer-Dobson circulation, the convective mechanism effectively bypasses the thermal 63 
control of tropical cold-point tropopause temperatures [Dessler and Sherwood, 2004]. In the 64 
following analysis, we focus specifically on deep convective storm systems that occur over the 65 
Contiguous U.S. (CONUS) during the summer and their impact on stratospheric water vapor 66 
concentrations over this region and season.  67 
Fundamentally, convection arises from the temperature difference between a parcel of 68 
warm air and the cooler air surrounding it. Warm air, which is less dense, i.e., more buoyant, 69 
rises through the atmospheric column and adiabatically expands and cools. When the 70 
temperature of the rising airmass has cooled sufficiently, the water vapor it contains will begin to 71 
condense and release energy (latent heat). This addition of heat leads to further warming and 72 
facilitates the continued ascent of the parcel. If the surrounding atmosphere cools quickly with 73 
height, it leads to unstable conditions, and the parcel will continue to rise until it is at the same 74 
temperature as the environment, a level known as the equilibrium level, where it becomes 75 
neutrally buoyant. This level is often near the tropopause. The anvil structure at the top of deep 76 
convective storms is indicative of the level where the rising motion is stopped, and the mass has 77 
spread out horizontally. If parcels within the convective core have enough upward momentum, 78 
however, as in the case of overshooting tops (OTs), they can continue to rise past their 79 
equilibrium level and above the anvil cloud. The rising motion will continue until negative 80 
buoyancy in the stratosphere decelerates the overshooting parcels and they either sink toward 81 
their equilibrium level or detrain in the stratosphere via gravity wave breaking and turbulent 82 
mixing with stratospheric air [Wang, 2003; Mullendore et al., 2005; Grosvenor et al., 2007; 83 
Homeyer et al., 2014b; Wang et al., 2011]. These diabatic mixing processes result in the 84 
irreversible delivery of tropospheric air to the stratosphere. 85 
Convective overshoots that penetrate the tropopause in both the tropics and the extra-86 
tropics have the potential to increase the humidity of the stratosphere, including the stratospheric 87 
overworld, through the rapid sublimation of convectively lofted ice. This has been demonstrated 88 
in both modeling [tropics: Grosvenor et al., 2007; Jensen et al., 2007; Dessler et al., 2007; extra-89 
tropics: Wang, 2003; Dessler and Sherwood, 2004; Le and Gallus, 2012; Leroy et al., in review] 90 
and observational studies [tropics: Kley et al., 1982; Corti et al., 2008; deReus et al., 2009; 91 
Khaykin et al., 2009; Iwasaki et al., 2010; Sayres et al., 2010; Sargent et al., 2014; Khaykin et 92 
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al., 2016; extra-tropics: Poulida et al., 1996; Hegglin et al., 2004; Ray et al., 2004; Hanisco et 
al., 2007;  Weinstock et al., 2007; Homeyer et al., 2014c]. Most of the water carried aloft in OTs 
is bound in the solid phase as ice, with the partitioning between the ice and vapor phases 
determined by the very cold temperatures attained within these rapidly rising airmasses [Jensen 
et al., 2007]. Even a small volume of tropospheric air can carry a significant quantity of water in 
the condensed phase. The irreversible mixing of tropospheric air with the surrounding 
stratosphere, which is typically sub-saturated [Smith et al., 2001], facilitates rapid sublimation of 
the convectively lofted ice. The expected lifetime for ice in this dry environment, especially for 
particles with diameters <20 μm, is short [Jensen et al., 2007], and as the ice sublimates, it 
moves the stratosphere toward saturation.  
The net contribution of deep tropopause-penetrating convection to stratospheric water 
vapor concentrations is not well understood and is not well represented in global models because 
of the small spatial scales and short time scales over which convection occurs. However, the 
model and measurement studies cited above, and the results of this work, show that localized 
deep convective events can impact the chemical composition, in particular the moisture levels, of 
the stratosphere over the central U.S. during the summer. Deep convection may also facilitate the 
rapid transport of boundary layer species directly to the overworld stratosphere [observations: 
Fischer et al., 2003; Jost et al., 2004; Ray et al., 2004; model: Stenchikov et al., 1996; 
Mullendore et al., 2005], possibly including halogen pre-cursors implicated in stratospheric 
ozone loss [Liang et al., 2014]. Given the potential for changes to both convective frequency and 
strength in response to anthropogenic climate forcing [Booth et al., 2012; Trapp et al., 2007; 
2009; Van Klooster and Roebber, 2009], it is imperative that this convective term be well 
characterized for incorporation into prognostic coupled chemistry-climate models. 
In the following analysis, we begin by showing the in situ record of water vapor plume 
encounters, with a focus on those observed in the overworld stratosphere. The data were acquired 
by the Harvard Water Vapor instrument, flown aboard NASA’s WB-57 and ER-2 aircraft, over a 
decade of missions targeting the central and south-central U.S. in summer. Within this 
framework, we highlight the results of a singular plume observed on the ER-2 flight of 27-Aug-
2013 during the Studies of Emissions and Atmospheric Composition, Clouds and Climate 
Coupling by Regional Surveys (SEAC
4
RS) campaign in the summer of 2013. Next we identify 
the storm system that was the likely source for this plume through a strategic combination of 123 
5 
124 
125 
126 
127 
diverse data types. Finally, we provide a quantitative estimate of the water vapor irreversibly 
delivered to the overworld stratosphere via the identified storm system and, utilizing both aircraft 
and satellite climatologies, discuss the impact of these events on water vapor concentrations in 
the stratosphere within a larger seasonal and regional context.  
2 In situ Observations of Convectively Sourced Plumes Over North America 128 
2.1 Harvard Water Vapor Instrument 129 
Aircraft data provide high spatial and temporal resolution measurements at a scale (1 Hz 130 
or a horizontal resolution of ~200 m) that is well matched to the scale of the convectively 131 
sourced plumes, which have been observed to be a few hundred kilometers in horizontal extent 132 
and up to ~2 km in vertical depth. Simultaneous in situ measurements of the atmospheric state 133 
variables and trace species reveal the physical and chemical properties of the background 134 
atmosphere, as well as the composition within these plumes in the UTLS. For this analysis, we 135 
use water vapor measured by the Harvard Water Vapor instrument (HWV) and temperature and 136 
pressure obtained by the onboard Meteorological Measurement System (MMS) [Gaines et al., 137 
1992; Scott et al., 1990]. The data, constrained primarily by limitations in aircraft flight tracks, 138 
provide detailed information regarding the precise geographic location and altitude of these 139 
plumes, their physical size, the magnitude of the moisture enhancement above the background 140 
concentration, and additional chemical signatures arising from the mixing of tropospheric and 141 
stratospheric airmasses associated with tropopause-penetrating storms.  142 
HWV has a long history of acquiring data in situ in the UTLS aboard both NASA’s ER-2 143 
and WB-57 aircraft [Weinstock, et al., 1994; Hintsa, et al., 1999; Weinstock, et al., 2006a; 144 
Weinstock, et al., 2006b; Weinstock, et al., 2009; Sargent et al., 2013]. The current version of the 145 
instrument, first flown in 2011, combines two independent measurement methods for the 146 
simultaneous detection of ambient water vapor mixing ratios within a shared duct [Sargent et al., 147 
2013]. This dual-axis instrument combines the heritage of the Harvard Lyman-α photo-fragment 148 
fluorescence instrument (Ly-α) with a custom tunable diode laser direct-absorption instrument, 149 
the Harvard Herriott Hygrometer (HHH). The requisite agreement between these axes provides a 150 
stringent constraint on the accuracy of the measurements in both the laboratory and flight 151 
environments.  152 
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The dual-axis HWV instrument obtains 1-second measurements of ambient water vapor 153 
mixing ratios from ~1 to ~500 ppmv. The typical measurement accuracy for Ly-α (5 – 10% 1-σ) 154 
is determined through laboratory calibration and is validated in flight at mixing ratios >100 ppmv 155 
by direct UV absorption across the instrument duct [Hintsa et al., 1999; Weinstock et al., 2006a; 156 
Weinstock et al., 2009; Smith et al., 2012]. The accuracy of HHH (5 – 10% 1-σ) is calculated 157 
from the uncertainties in HITRAN spectral parameters [Rothman et al., 2009] and validated 158 
through comparisons with the Harvard laboratory calibration system [Sargent et al., 2013]. The 159 
precision is typically better than 0.2 (Ly-α) and 0.01 ppmv (HHH) in 1-second data, and 160 
additional laboratory tests constrain biases in the Ly-α and HHH detection axes to less than ±0.3 161 
ppmv [Hintsa et al., 1999; Smith et al., 2012; Sargent et al., 2013]. In summary, the Harvard 162 
Water Vapor (HWV) instrument is ideally suited to resolve the highly localized changes in 163 
ambient water vapor associated with convective detrainment in the UTLS.  164 
2.2 In situ Record of Convectively Sourced Plume Encounters 165 
Figure 1 shows in situ measurements of water vapor mixing ratio, measured by HWV 166 
(10-second data), as a function of potential temperature. The data shown here were obtained 167 
aboard NASA’s WB-57 and ER-2 aircraft north of 25°N over the central U.S. during four 168 
missions that were staged out of Houston, TX, over the past decade. Several distinct high water 169 
vapor plume events, a signature of direct convective injection, are apparent in the dataset. Moist 170 
plumes that were observed in the extra-tropical overworld are color-coded by mission and 171 
labeled by flight date.  172 
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 173 
Figure 1. In situ water vapor data as a function of potential temperature. Water vapor was 174 
measured in situ by HWV (10-sec) over the central and south-central U.S. during four 175 
summertime airborne missions: Aura Validation Experiment Summer 2005 (AVE-2005), AVE – 176 
Water Isotope Intercomparison Flights (AVE-WIIF), Tropical Composition, Cloud and Climate 177 
Coupling (TC
4
), and SEAC
4
RS. Extreme hydration events are labeled by flight day. The starred 178 
points denote the plume encountered north of 40°N on the flight 27-Aug-2013 during the 179 
SEAC
4
RS mission. The horizontal solid black line indicates the 380 K level, the lower boundary 180 
of the overworld, and the dashed black line indicates the 370 K level, which corresponds to the 181 
tropopause level throughout SEAC
4
RS. 182 
 183 
Water vapor mixing ratios in these moist layers were elevated significantly above the 184 
nominal 4 – 6 ppmv background. Also plotted are the 370 K potential temperature surface (black 185 
dashed line), which is representative of the nominal tropopause level for summertime missions 186 
over the U.S., and the 380 K surface (black solid line) that marks the boundary between the 187 
middleworld and overworld stratosphere. What is noteworthy about these plumes is 1) the 188 
magnitude of the enhancements, up to 12 ppmv above the background in the overworld, and 2) 189 
the altitude within the stratospheric overworld at which they were observed, up to nearly 440 K 190 
(~19 km).  191 
During missions prior to the SEAC
4
RS campaign, the moisture plumes evident in Figure 192 
1 were encountered serendipitously and were not intentional targets of study. In contrast, the 193 
SEAC
4
RS mission explicitly sought to characterize the impact of deep convection on the 194 
chemical composition of the UTLS and overworld stratosphere [Toon et al., 2016]. With peak 195 
10-second values between 16 and 10 ppmv, the data acquired on 27-Aug-2013 during SEAC
4
RS 196 
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(black stars) represent the highest mixing ratios ever observed in situ at these potential 197 
temperatures (380 – 415 K respectively) and latitudes (>40°N).   198 
2.3 SEAC
4
RS Mission Overview 199 
A central goal of NASA’s SEAC4RS field mission, based out of Ellington Field in 200 
Houston, TX, during August and September of 2013, was to gain an improved understanding of 201 
how radiatively and chemically important atmospheric constituents are transported vertically 202 
through the atmospheric column, i.e., from the boundary layer through the lower stratosphere 203 
[Toon et al., 2016]. The unique capabilities of the high altitude NASA ER-2, which carried an 204 
array of in situ instrumentation for measuring water vapor, and other long-lived trace gases, 205 
provided the means to: 1) determine the depth tropopause-penetrating storms; 2) examine the 206 
chemical impact of convective penetration into the stratosphere; and 3) probe the role of the 207 
large scale circulation, i.e., the summertime, quasi-stationary North American Monsoon upper 208 
level Anti-cyclone (NAMA) [Gill, 1980; Dunkerton, 1995], in determining the chemical 209 
composition of the UTLS. In total, seven flights during SEAC
4
RS targeted the NAMA 210 
specifically, with an additional nine flights targeting the vertical distribution of trace species 211 
within the UTLS as well as the influence of convection, i.e., the irreversible mixing of moisture 212 
and tropospheric air into the stratosphere.  213 
Figure 2 shows the vertical distribution of water vapor, as measured by HWV (1-second 214 
data), throughout the UTLS for the entire SEAC
4
RS period. The mission-wide mean profile is 215 
plotted in the solid black circles, with the wavy black solid and dashed lines denoting one and 216 
three standard deviations from the mean, respectively. Again, the 370 K and 380 K potential 217 
temperature levels are shown. Together, Figures 1 and 2 capture two important features of the 218 
humidity structure of the summertime stratosphere over CONUS, 1) a broad region of increased 219 
variability and seasonally enhanced (>6 ppmv) moisture (bump) in the stratosphere between the 220 
nominal tropopause level and ~420 K, and 2) the moist plume events (extrema), which are the 221 
characteristic signature of direct convective injection. The data from the 27-Aug-2013 plume 222 
encounters are indicated with red circles. Note that the majority of the extreme values observed 223 
during SEAC
4
RS were encountered on this flight day.  224 
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 225 
Figure 2. SEAC
4
RS water vapor data as a function of potential temperature. Water vapor was 226 
measured in situ by HWV (1-sec) over the central U.S. during SEAC
4
RS. The mission-wide 227 
mean profile is plotted in the solid black circles. Also shown are the mean ± one and three 228 
standard deviations (solid and dashed wavy black lines). This figure highlights two primary 229 
features of the humidity structure of the stratosphere during SEAC
4
RS: 1) the bump of enhanced 230 
moisture (>6 ppmv) in the overworld between 380 K and 415 K, and 2) the extrema, i.e., moist 231 
plumes characteristic of recent convective injection. The majority of the extreme water vapor 232 
mixing ratios were encountered on the 27-Aug-2013 flight (solid red circles). The horizontal 233 
solid black line indicates the 380 K level, the lower boundary of the overworld, and the 234 
horizontal dashed black line indicates the 370 K level, which corresponds to the tropopause level 235 
throughout SEAC
4
RS. Note the logarithmic scale on the x-axis. 236 
 237 
2.4 SEAC4RS 27-Aug-2013 Plume Encounter 238 
The 27-Aug-2013 flight provided key observational evidence wherein the ER-2 achieved 239 
all three of the mission objectives outlined above. The large-scale dynamical setting was 240 
characterized by a well-defined anti-cyclonic circulation in the UTLS common in the summer, 241 
i.e., the NAMA, which can increase the residence time of air parcels over CONUS for an average 242 
of five days [Sun and Huang, 2015; Koby, 2016]. A strong gradient in tropopause height in the 243 
proximity of the Rocky Mountains, i.e., low to the west and high to the east, marked the western 244 
edge of this circulation, and the center was positioned over the north-central Great Plains [Toon 245 
et al., 2016]. Additionally, real-time Next-Generation Radar (NEXRAD) Weather Surveillance 246 
Radar – 1988 Doppler (WSR-88D) reflectivity data revealed the locations of several recent deep 247 
convective storms over the U.S., many of which were powerful enough to penetrate the 248 
tropopause. The data showed that the region extending from the Northern Great Plains to 249 
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Southern Canada and eastward across the Great Lakes was impacted by a series of large 250 
convective storm systems over a period of several days, and forecast trajectory calculations were 251 
used to predict the storm outflow region and direct flight planning. Accordingly, on 27-Aug-252 
2013 the ER-2 headed north out of Houston, TX, to sample vertical gradients within the NAMA, 253 
as well as outflow from the recent storm systems.  254 
Figure 3a shows the ER-2 flight track for this day superimposed on a map of the U.S., 255 
and Figure 3b shows the corresponding time-series of water vapor mixing ratios (note the scale is 256 
inverted), measured in situ by HWV, and ambient pressure (gray) for the 27-Aug-2013 flight. A 257 
total of six vertical sampling dives were executed along the flight track to probe the chemical 258 
composition of the UTLS within the NAMA [Toon et al., 2016]. The vertical sampling dives are 259 
color-coded by flight segment. Moisture plumes were encountered in the overworld stratosphere 260 
on at least two of these ascent/descent vertical profiles. The aircraft plume encounters on both 261 
descent and ascent of Dive 4 are denoted by the two solid black dots on the map in Figure 3a, 262 
and the dashed black line encompasses the nominal plume area. Figure 3c shows high resolution 263 
water vapor data acquired by HWV (1-second) as a function of potential temperature during this 264 
flight, with the data acquired on Dive 4 highlighted by blue dots. The wavy red lines correspond 265 
to vertical profiles of the ambient saturation mixing ratio with respect to ice (SMRice) calculated 266 
from measurements of temperature and pressure during Dive 4 (blue). SMRice sets the upper 267 
limit on hydration. Note the characteristic separation between the ambient mixing ratio and the 268 
saturation mixing ratio at or near the tropopause level (~370 K) that marks the transition into the 269 
under-saturated stratosphere [e.g., Smith et al., 2001]. Figure 3d shows a high resolution (1-270 
second) time-series of water vapor mixing ratio (blue) and potential temperature (black) during 271 
Dive 4. The red dots correspond to the locations along the flight track (every 10 seconds) that 272 
were used to initialize our back-trajectory calculations (see Section 3.2). 273 
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Figure 3. Flight track, vertical profiles and time series for the 27-Aug-2013 flight. (a) The ER-2 275 
flew north targeting the outflow of a storm system that had formed over the Great Lakes region 276 
approximately a day earlier. The flight track is color-coded by segment. Plume encounters on 277 
descent/ascent of Dive 4 (blue), which was executed just south of the Great Lakes, are indicated 278 
by the solid black circles. (b) The aircraft performed six vertical dives, color-coded to match the 279 
segments in (a), to capture storm outflow and to sample the larger NAMA structure. (c) Vertical 280 
profiles of water vapor mixing ratio as a function of potential temperature show the large 281 
enhancement sampled on Dive 4. The red lines represent profiles of the simultaneous saturation 282 
mixing ratio with respect to ice (SMRice). Note the logarithmic scale on the x-axis. (d) The water 283 
vapor mixing ratio (blue) and potential temperature (black) for Dive 4 are plotted as a function of 284 
time. The red dots correspond to points along the flight track (10-sec) that were used to initialize 285 
the back-trajectory analysis. 286 
 287 
The plume encounter on Dive 4 of the 27-Aug-2013 flight reveals the dramatic water 288 
vapor excursions (greater than three standard deviations from the mean) that are the 289 
characteristic signature of deep, tropopause-penetrating convection on the humidity structure of 290 
the overworld stratosphere. This encounter, which occurred just south of the Great Lakes, 291 
registered the highest water vapor enhancement of the mission, with mixing ratios 12 ppmv 292 
above the nominal background, and the total concentration more than doubling the mean. The 293 
enhancements observed on Dive 4 occurred in a series of layers, above both the local tropopause 294 
level and the 380 K surface, with the top of the plume evident up to 415 K. Furthermore, as 295 
shown in Figure 1, the water vapor mixing ratios measured during this outflow encounter 296 
constitute the highest values ever observed in situ at these potential temperatures and latitudes.  297 
Because the plume was sampled during a dive, we have precise information regarding its 298 
vertical extent and structure. The plume extended from ~375 to 415 K (~115 to 85 hPa), 299 
corresponding to a depth of 2 km (15.8 to 17.8 km), and there were two large magnitude water 300 
vapor excursions (or plume “lobes”), each with their own finer scale structure, that comprised the 301 
plume as a whole. These features are evident in both the descent and ascent profiles, though the 302 
features in the ascent profile are displaced vertically by about −10 K in potential temperature. 303 
The repetition of the vertical structure of the plume on descent and ascent suggests that we 304 
sampled the same outflow plume on both legs of this dive. Due to the limitations of aircraft 305 
sampling, it is impossible to ascertain the full horizontal extent of the plume. Nonetheless, we 306 
infer that it extended at least from the aircraft encounter on descent at its western edge (42.58°N, 307 
90.96°W, 19:40 UTC) to the aircraft re-entry on ascent at its eastern edge (41.54°, 89.00°W, 308 
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20:00 UTC). This span is ~200 km primarily in the zonal direction. Despite limited information 309 
about its true meridional extent, if we assume a quadrilateral area constrained by the aircraft 310 
locations at intercept, we estimate that it covered an area of at least 20,000 km
2
.  311 
3 Linking the Moisture Plume to Its Convective Source 312 
To link the convectively sourced plume observed on 27-Aug-2013 to its source storm 313 
system, we employ several complementary data types. These include: 1) results from an 314 
independent Overshooting Top (OT) detection algorithm that utilizes Geostationary Operational 315 
Environmental Satellite (GOES) infrared imagery to provide a record of tropopause-penetrating 316 
convection across North America, 2) calculations of isentropic back-trajectories initialized 317 
within the plume encounter along the aircraft flight, 3) analyzed data from the ground-based 318 
NEXRAD WSR-88D precipitation radar network that provide a detailed view of the history of 319 
the storm system, 4) complementary visible and infrared images from GOES operating in super 320 
rapid scan mode, and 5) a summary of the local meteorological conditions that highlights a few 321 
factors favoring deep convective penetration of the stratosphere. A discussion of each of these 322 
data types and analysis results is provided below. 323 
3.1 Overshooting Top Detections 324 
In order to identify the storm system or systems that sourced the 27-Aug-2013 plume 325 
encounter, it is necessary to have a comprehensive continental scale catalog of deep convection. 326 
For the SEAC
4
RS mission, GOES infrared imagery was input into an algorithm developed and 327 
tested for the purpose of identifying OTs, i.e., tops of convective storms that penetrate the local 328 
tropopause level [Bedka et al., 2010; 2012]. The product is ideally suited for identifying 329 
convective storms capable of injecting water into the stratosphere.  330 
Infrared brightness temperature data are used to detect cloud top temperature anomalies 331 
within larger thunderstorm anvils. The maximum OT height is derived based on knowledge of 332 
three terms. The first is the OT-anvil temperature difference. OT candidates are colder than the 333 
mean surrounding anvil, with the temperature difference indicative of both the strength of the 334 
convective updraft and the depth of penetration. Second, the anvil cloud height is determined 335 
based upon a match between the anvil mean temperature near to the OT and the Global Forecast 336 
System (GFS) Numerical Weather Prediction (NWP) model temperature profile. Finally, the 337 
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relationship between temperature and altitude within the UTLS region, is derived based on 338 
comparison between the GOES-derived OT-anvil temperature difference and NASA CloudSat 339 
OT-anvil height difference for a sample of direct CloudSat OT overpasses [Griffin et al., 2016]. 340 
OT identification also requires comparison with the GFS NWP model tropopause temperature to 341 
verify that the satellite-observed feature is indeed near to or colder than the tropopause. For 342 
SEAC
4
RS, every available GOES-East and GOES-West scan was processed for the full duration 343 
of the mission, even for the non-flight days, yielding a detailed and comprehensive picture of the 344 
location, timing, and depth of stratospheric penetration of convective storms over CONUS. The 345 
output files include the OT geospatial coordinates, time, overshooting intensity in degrees K –346 
related to the temperature difference between the OT and the anvil – and the estimated maximum 347 
cloud height for each OT in meters. 348 
3.2 Isentropic Back-Trajectories 349 
Isentropic back-trajectories (BTs), representing the motion of air parcels backwards in 350 
time, are used to link the in situ observations of elevated water vapor to potential convective 351 
source(s) identified in the GOES OT dataset. Trajectories were computed using the TRAJ3D 352 
trajectory model [Bowman, 1993; Bowman and Carrie, 2002] driven by the ERA-Interim (ERA-353 
I) reanalysis winds (6-hour, ~0.7° x ~0.7° x 60 vertical levels), interpolated to isentropic 354 
coordinates [Dee et al., 2011]. The National Center for Atmospheric Research (NCAR) performs 355 
this interpolation and makes the ERA-I files publicly available. The starting point of the 356 
trajectory calculations was determined by the geographical position (latitude, longitude and 357 
potential temperature) and time (every 10-seconds) along the aircraft flight track. In total, there 358 
were 57 points used for initialization within descent (23) and ascent (34) of Dive 4. The 359 
computed parcel location and time were then output every hour for 10 days prior to the 360 
initialization time. 361 
Though it is generally expected that the trajectory calculations reliably represent parcel 362 
motions for a period of 10 days, uncertainties in the trajectory output can arise from multiple 363 
sources. In general, uncertainties in reanalysis wind direction are small except in areas of low 364 
wind velocity, and reanalysis wind speeds are expected to be accurate to within 1 or 2 m/s 365 
(~10%). Over a day, however, this can lead to an integrated uncertainty of ~100 km or 1° in 366 
spatial position. Additionally, strong vertical shear in the horizontal wind can also lead to errors 367 
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in the effective wind speed of the computed trajectory because of sensitivity to initial conditions, 368 
and further sampling errors can arise from the 6-hour synoptic analysis frequency. Finally, in the 369 
presence of convection, the horizontal winds will have larger errors than normal due to the fact 370 
that storm-scale convergence and divergence are not resolved. In order to account for the 371 
sensitivity of the trajectory calculations to initial conditions and other uncertainties, we ran a 372 
cluster of 27 parcels (3 x 3 x 3, ±0.25° in latitude, by ±0.25° in longitude, by ±5 K in potential 373 
temperature, which is roughly equivalent to 200 m in altitude) centered at the aircraft location for 374 
each flight point. The technique of using a cluster instead of a single trajectory is similar to that 375 
employed by Sayres et al. [2010]. The cluster method allows for a quantitative determination of 376 
the likelihood of convective influence, whereas a single trajectory offers only a binary solution 377 
that can miss the impact of some convective systems. A representation of the initial cluster of 378 
BTs is shown in Figure 4a.  379 
 380 
Figure 4. Representation of back-trajectory initialization and match criteria. (a) To account for 381 
uncertainties in the trajectory calculations, a cluster of 27 BTs was initialized every 10-sec along 382 
the flight track. The center of the cluster was located at the latitude, longitude, potential 383 
temperature of the aircraft location (black circle), with the rest of the points spaced ±0.25° and 384 
±5 K from the center (solid red circles). (b) BTs were calculated and data output every hour for a 385 
10-day period. An OT (dark gray circle) is flagged as a match if there is spatial and temporal 386 
coincidence between it and a point along a BT (solid lines). This schematic shows that two (solid 387 
lines) of the three BTs shown fall within the match criteria envelope (light gray shaded area), and 388 
one does not (dashed line). The matches are denoted by the solid red circles. In this example, 389 
each BT matches the specified OT at two time steps. 390 
 391 
The temperature, pressure and altitude along each BT were also calculated and output. 392 
Note that for isentropic trajectories, the pressure, temperature and altitude of the parcel can 393 
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change as long as potential temperature is kept constant. Diabatic effects are expected to be small 394 
over the 10-day interval at these altitudes and were not considered. In addition to wind, the 395 
NCAR ERA-I product includes pressure (P [Pa]) and the Montgomery stream function (M 396 
[J/kg]) on potential temperature surfaces. P and M at each BT location and time were evaluated 397 
by linear interpolation. Temperature along the BTs was computed using:       
 
  
 
 
      , 398 
with Θ equal to potential temperature, P the interpolated pressure, P0 the reference pressure 399 
(equal to 101,325 Pa), and        = 0.286 for air. R represents the gas constant, and    is the 400 
specific heat capacity at constant pressure for dry air. The corresponding parcel geopotential 401 
height, Z, was computed from:                     , with   equal to the gravitational 402 
acceleration of Earth. The geopotential height is nearly equivalent to the geometric height, only 403 
differing by 60 m at 20 km, due to the decrease in g with altitude [Andrews et al., 1987]. 404 
3.3 Identifying the Source Storm for the 27-Aug-2013 Outflow Plume 405 
To identify the storm system that was the most likely source for the high water vapor data 406 
observed on Dive 4 of the 27-Aug-2013 flight, we designate an OT as a candidate when there is 407 
temporal and spatial coincidence between it and a point along a BT initialized within the plume 408 
encounter. To meet the criteria for coincidence, a BT must pass within 1° degree in Latitude and 409 
Longitude and within ±2 hours of the OT occurrence. The 1° criterion was selected to be 410 
consistent with the integrated 1-day uncertainty in position discussed above, and the ±2 hour 411 
window accounts for the 1-hour resolution of the trajectory output as well as uncertainties in the 412 
trajectory calculations and underlying reanalysis wind speeds. We also apply an altitude filter. 413 
We use the estimated OT altitude from the GOES analysis to select for those OTs that either 414 
exceed the altitude of the BT at the matching location and time, or are within 0.5 km of the BT 415 
altitude, i.e., if BTaltitude – OTaltitude is < 0.5 km. Finally, the cluster of 27 trajectories initialized 416 
around each flight point allows us to capture the sensitivity of the trajectory analysis to small 417 
changes in initial conditions. We consider OTs to be more likely candidates when a greater 418 
fraction of the BT cluster meets the criteria listed above. The schematic in Figure 4b illustrates a 419 
match between an OT and a point along a BT initiated within the plume. 420 
Figure 5 shows the geographic locations of all GOES OT detections over North America 421 
for ten days prior to the aircraft encounter (light gray dots), those that exceeded 16 km in cloud-422 
top altitude (dark gray dots), and those that met the spatial and temporal coincidence criteria, 423 
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including the altitude filter, for points initialized within the plume encountered on descent and 424 
ascent of Dive 4 (colored dots). The color-coding corresponds to day of month (MM/DD) the OT 425 
occurred. We highlight those OTs that exceeded 16 km because they represent the OTs most 426 
likely to penetrate the tropopause level, and lead to hydration of the overworld stratosphere. 427 
Furthermore, of the OTs that meet the spatial and temporal matching criteria (colored dots), 428 
~95% have maximum altitudes greater than 16 km.  429 
 430 
Figure 5. OTs ten days prior to the plume encounter and BTs initialized within the plume 431 
encounter. All OTs (light gray dots) for the ten days prior to the plume encounter are shown on a 432 
map of the continental U.S. All OTs with cloud tops exceeding 16 km altitude (dark gray dots) 433 
and OTs that met the coincidence criteria for BTs initialized within the 27-Aug-2013 plume 434 
encounter (colored dots) are highlighted. The color-coding corresponds to day of month. Also 435 
shown is the ER-2 flight track and selected 10-day BTs (curved solid and dashed black lines) 436 
initiated at the time and location of the plume intercept on descent/ascent of Dive 4 (solid black 437 
circles).  438 
 439 
The data show that during the 10-day period prior to the 27-Aug-2013 flight, there were 440 
three primary areas of deep convective activity (dark gray dots): 1) the region over the Sierra 441 
Madre in Mexico and the southwestern U.S., which is typically referred to as North American 442 
Monsoon convection; 2) the region off the southeast coast of the United States and over the Gulf 443 
of Mexico; and 3) the region extending from the Great Plains to Southern Canada and eastward 444 
across the Great Lakes. Limiting our selection to those OTs that meet the match criteria (colored 445 
dots) causes the distribution to contract to a few discrete storm systems that occurred between 446 
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ten hours and up to nine days prior to flight. The most recent of these is the storm system that 447 
occurred over Minnesota and Wisconsin between 26-Aug-2013 21:00 UTC and 27-Aug-2013 448 
12:00 UTC. In the following section, we demonstrate that this system is the most likely source 449 
for the high water vapor values in the plume sampled by the ER-2. 450 
Also plotted in Figure 5 are three, of the cluster of 27, BTs initialized within the higher-451 
altitude plume segment encountered on Dive 4 descent (dotted lines) and another three initialized 452 
within the higher-altitude segment on ascent (solid lines). The plume encounters on 453 
descent/ascent have similar magnitude water vapor (>10 ppmv) and occurred at similar altitudes 454 
(~400 – 410 K). The two sets of trajectories shown here were initialized at the point coincident 455 
with the aircraft location, and points 5 K directly above/below the center point of the cluster. The 456 
trajectories highlight the NAMA circulation, demonstrating that these air parcels were circulating 457 
over CONUS for at least 3 and very likely longer than 10 days prior to the aircraft plume 458 
encounter. The trajectories also reveal that these air parcels may have been impacted by more 459 
than one tropopause-penetrating convective storm system during their confinement over 460 
CONUS. 461 
Figures 6a and 6b show OTs that meet the match criteria for BTs initialized when the 462 
aircraft encountered the peak of the lower-altitude plume segment on both descent (19:42:34 463 
UTC) and ascent (19:58:04 UTC) of Dive 4, respectively. The color-coding in these figures 464 
corresponds to the fraction of each BT cluster that satisfies the selection criteria, with the red 465 
colors indicating a higher fraction (>80%), and thus a greater likelihood that an individual OT 466 
was a candidate for the observed water vapor enhancement. These two figures broadly represent 467 
the results for 7 points that encompass the lower-altitude lobe of the plume on descent and 6 468 
points that encompass the corresponding lobe on ascent. In every case, the storm system that 469 
developed and matured over Minnesota and Wisconsin (MN-WI) is the dominant candidate. 470 
Though we cannot rule out potential influence from storms that occurred further back in time, 471 
e.g., clusters of OTs located over southwestern Arizona and along the west coast of Mexico 472 
roughly 3 – 7  days prior to the plume encounter, two features of the analysis lead us to conclude 473 
that the MN-WI storm system is the primary source. First, this is the only storm system that 474 
meets the match criteria for the majority of initialization locations within both the lower and 475 
upper lobes of the plume encounter, and second, in nearly every case the BT cluster analysis 476 
favors OTs within the MN-WI storm system. 477 
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 478 
Figure 6. Candidate OTs for individual plume points. (a) The location of all OTs that meet the 479 
match criteria for a single point (red square) within the plume encounter on descent of Dive 4. 480 
The color-coding corresponds to the fraction of the cluster of 27 BTs that meet the match 481 
criteria, with red data indicating >0.8 match. (b) Same as (a), but for a corresponding point (red 482 
square) within the plume encounter on ascent of Dive 4. The black arrows specify the location of 483 
the storm snapshot captured in NEXRAD data shown in Figure 8. 484 
 485 
3.4 Meteorological Context 486 
The meteorological conditions over the U.S. near the end of August 2013 were ideal for 487 
generating the strong tropopause-penetrating storm system that originated on the western border 488 
of Minnesota around 27-Aug-2013 00:00 UTC and moved east across Wisconsin over the 489 
following five or more hours. Similar to a long-term climatology for the region, the prevailing 490 
near surface circulation pattern at 850 hPa on 26-Aug-2013 was characterized by a northward 491 
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flow carrying warm, moist air originating off the Gulf of Mexico, along the eastern edge of the 492 
Rocky Mountains and across the northern Great Plains. This flow converged with a weaker, but 493 
predominantly eastward flow in the vicinity of the Canadian border and then turned east in the 494 
vicinity of the Great Lakes with daily variations in its northerly extent. The flow at higher levels, 495 
e.g., 500 hPa, for this period, originated with air coming off the Gulf of California and Tropical 496 
Pacific. This air was carried north-northeast over the Rocky Mountains and then eastward over 497 
the northern Great Plains as a part of the NAMA circulation. The combination of 1) a well-498 
defined low-level jet (LLJ) between 850 and 900 hPa supplying moist air at low levels, and 2) 499 
colder air aloft was ideal for the development of deep convection as it led to steep tropospheric 500 
lapse rates and a corresponding decrease in atmospheric stability [e.g., Zipser et al., 2006; 501 
Brooks et al., 2003]. Convective available potential energy (CAPE), a measure of the maximum 502 
kinetic energy available to an ascending parcel (i.e., positive buoyancy), provides a means of 503 
predicting the intensity and updraft strength of thunderstorms [e.g., Holton, 2004; Brooks et al., 504 
2003; Trapp et al., 2009]. Observed values of CAPE in thunderstorm environments often exceed 505 
1000 J/kg. Values greater than 4000 J/kg are indicative of extreme instability. Atmospheric 506 
soundings out of Minneapolis, MN, (MPX) during the 24 hours prior to the MN-WI storm 507 
showed large CAPE values ranging from approximately 2000 to 4000 (J/kg), confirming that 508 
conditions were ripe for powerful storms. 509 
3.5 NEXRAD Images of Storm Evolution and Stratospheric Penetration  510 
The extensive coverage of the NEXRAD WSR-88D network throughout CONUS [Crum 511 
and Alberty, 1993], in combination with the development of sophisticated data processing 512 
algorithms has yielded a powerful high spatial and temporal resolution product for studies of 513 
convection [Homeyer, 2014a; Homeyer and Kumjian, 2015]. Here, we use the NEXRAD data to 514 
provide a detailed 3-D account of the structure and time-evolution of the MN-WI storm system 515 
identified by the GOES OT and BT analysis shown in Figure 6.  516 
We employ one of several available radar variables: the radar reflectivity at horizontal 517 
polarization (ZH). ZH is typically expressed in units of decibels of the radar reflectivity factor Z 518 
(dBZ). Z is a function of both the number of cloud particles per unit volume and cloud particle 519 
size. It is proportional to the sixth moment of particle diameter (D
6
) assuming spherical particles. 520 
A non-zero value of ZH is typically referred to as an “echo”. The NEXRAD WSR-88D radars are 521 
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capable of reliably detecting cloud particles producing echoes as small as 10 dBZ and as large as 522 
75 dBZ within the entire domain observed by a single radar, with the smaller reflectivities 523 
detectable at ranges nearer to the radar location. Deep convection is typically characterized by 524 
column-maximum ZH in excess of 45 dBZ, and the echo top (or storm top) altitude is the highest 525 
level in each radar composite column that is equal to or greater than a specified threshold. The 526 
echo top altitudes shown here are for a radar reflectivity threshold of 15 dBZ. 527 
Figure 7a shows a 15-hour history of the maximum echo top height, expressed in both 528 
altitude and corresponding potential temperature, determined at each location for the period from 529 
26-Aug-2013 21:00 UTC to 27-Aug-2013 12:00 UTC using radar composites with a frequency 530 
of 5 minutes. This window encompasses the full lifetime of the MN-WI storm system. An 531 
overlay of the NEXRAD and GOES OT data for this particular system (not shown) demonstrates 532 
good agreement between these independent data sets in determining both the location and 533 
penetration depth of overshooting convection. Due to the reduced density of the NEXRAD 534 
network in Northern Minnesota, the vertical sampling is limited, and there is larger uncertainty in 535 
the echo top determination in this region (~1 km) relative to the rest of the domain (~500 m). 536 
However, it is clear that the candidate storm system penetrated the tropopause level, which was 537 
near 16 km (~375 K, ~115 hPa). The dark blue and purple colors in Figure 7a represent storm 538 
top altitudes that exceeded 15 km (370 K). In fact, the NEXRAD 15-hour history shows that 539 
there were at least four individual storms present with 3 – 4 hour lifetimes – evident as individual 540 
tracks (thin white arrows) – that had cores extending well above the tropopause level during their 541 
lifetime. The purple colors represent storm tops at or exceeding 17 km (~400 K), and in the 542 
strongest of the individual storm tracks, penetrations regularly reach or exceed 18 km (~425 K). 543 
Figure 7b shows the same data with the maximum storm top altitude referenced to the local 544 
tropopause level from ERA-I. This figure captures the depth of stratospheric penetration, which 545 
is as much as 4 – 5 km along each of the individual storm tracks. The strongest (deepest) storm 546 
was located farthest to the west over central Minnesota. 547 
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 548 
Figure 7. Maps showing 15-hour evolution of stratospheric penetration depth for the candidate 549 
storm system using NEXRAD data. (a) The maximum storm top altitude recorded at each 550 
location over an integrated 15-hour period (21:00 UTC on 26-Aug-2013 to 12:00 UTC on 27-551 
Aug-2013) from 5-min NEXRAD WSR-88D radar composites expressed in both altitude and the 552 
corresponding potential temperature. This interval encompasses the full lifecycle of the storm 553 
system that was identified in the GOES OT and BT analysis. The color-coding corresponds to 554 
the storm top altitude (the 15 dBZ radar reflectivity echo top), with the dark blue and purple 555 
colors indicating storm tops reaching altitudes >15 km (>370 K). Several individual storm tracks 556 
are evident within the larger complex (white arrows). (b) The difference between the maximum 557 
storm top altitude and the altitude of the local tropopause from ERA-Interim reanalysis (~16 km) 558 
is shown for the same period. Pink and red colors in the bottom color bar denote penetration of 559 
the stratosphere. The black arrow specifies the location of the storm snapshot captured in 560 
NEXRAD data shown in Figure 8. 561 
 562 
The radar data show that a considerable area of the overworld stratosphere was exposed 563 
to convective towers and turbulent mixing leading to the potential for large enhancements in 564 
stratospheric water vapor concentrations. Inspection of Figure 7 shows that the total area 565 
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impacted by tropopause-penetrating convection (pinks and reds in Figure 7c) is approximately 566 
equal to the area enclosed within one grid box, e.g., between 46.0°N – 47.5°N and 94.4°W – 567 
91.2°W, or ~40,000 km
2
. This area estimate is twice that inferred from the aircraft plume 568 
encounter 10 – 20 hours later, and offers a reasonable upper estimate of the plume size.  569 
The NEXRAD data also reveal what is occurring at high spatial and temporal resolutions. 570 
Figure 8a shows a map of column-maximum ZH over central Minnesota for a particularly severe 571 
period in the development of the deepest storm at 00:45 UTC on 27-Aug-2013. A 2-D vertical 572 
transect along the line ‘A-B’ in Figure 8a is shown in Figure 8b. This figure draws attention to 573 
the depth of penetration of the convective core above the local tropopause level (4 – 5 km), with 574 
the high ZH (values ≥ 30 dBZ) indicating that significant condensate was carried well into the 575 
overworld stratosphere. Note that this image captures a single moment of the hours-long lifetime 576 
of just one of the storm tracks evident in Figure 7a.  577 
 578 
Figure 8. High resolution storm map and 2-D cross-section showing 4 – 5 km penetration into 579 
the stratosphere. (a) This map shows column-maximum radar reflectivity at a time of strong 580 
tropopause-penetrating convection (00:45 UTC on 27-Aug-2013) from composite NEXRAD 581 
observations. (b) A vertical cross-section along the line labeled ‘A-B’ in (a), highlighting the 582 
depth of penetration above the local tropopause (as determined using 00:00 UTC radiosonde 583 
observations from nearby Minneapolis, Minnesota). The reflectivity data reveal that significant 584 
condensate was carried to altitudes >4 km above the tropopause level. 585 
 586 
  587 
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3.6 GOES Images Showing Stratospheric Penetration and Plume Injection 588 
IR and visible data from the GOES-14 satellite provide an independent means of 589 
estimating the depth of overshoots above the surrounding anvil for the strongest storm within the 590 
MN-WI storm system. GOES-14 is positioned at 105° W, which is a better vantage point for 591 
investigating this storm than GOES-13 (75° W), the satellite used to generate the full SEAC
4
RS 592 
OT dataset. At the time of the severe storm development highlighted in the analysis of NEXRAD 593 
data above, GOES-14 was operating in “super rapid scan mode” [Schmit et al., 2013]. In this 594 
mode, images are collected every minute with occasional gaps of up to 4 min.  595 
GOES-14 observations in the visible show the locations of OT peaks and the shadows 596 
they cast on the surrounding anvil. Shadow length and knowledge of the image time/day, can 597 
then be used to derive the above anvil penetration height following the method described in 598 
Bedka et al. [2015]. Figure 9a shows a visible image captured by GOES-14 at 00:41 UTC on 27-599 
Aug-2013. The OT peak and the end of the shadow are denoted by the red arrows and text on the 600 
image. Figure 9b records the evolution of estimated OT depth over the next 6 minutes. This time 601 
period is coincident with the NEXRAD radar reflectivity data shown in Figure 8. Long shadow 602 
slant paths at dusk make the determination of tower altitudes more difficult and considerably less 603 
accurate, and no height estimates were available after 00:46 UTC. However, for the 6 minutes 604 
analyzed here, the above-anvil OT penetration height grew from ~2.16 km around 00:40 to 2.83 605 
km by 00:46, with an error estimate of ~0.25 km due to uncertainties in the determination of the 606 
shadow length and geometry. A comparison of the anvil temperature in the immediate vicinity of 607 
the OT (208 K) with the 00:00 UTC Minneapolis, MN, temperature sounding yields a height of 608 
either 14.8 km or 17.3 km, depending on the location of the anvil relative to the tropopause. The 609 
17.3 km height estimate of the dome near the OT is consistent with the NEXRAD radar-610 
reflectivity cross-section data shown in Figure 8b. Thus, with a shadow-derived above-anvil OT 611 
penetration height of ~3 km, we estimate that the OT reached an altitude >20 km, confirming the 612 
NEXRAD peak echo top at 00:45 UTC. 613 
 614 
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 615 
Figure 9. GOES-14 visible imagery showing OT height above anvil. (a) This image, recorded by 616 
the GOES-14 satellite during an intense period in the development of the case-study storm 617 
system (00:41 UTC on 27-Aug-2013), highlights a single OT and the shadow it casts on the 618 
surrounding anvil cloud below. The above anvil height of the OT can be determined from the 619 
measured shadow length in combination with time/day and geometry. GOES-14 was acquiring 620 
images every minute during this period. (b) The evolution of this OT over a 6-minute interval. 621 
By 00:46 UTC the OT had penetrated to a height nearly 3 km above the anvil. 622 
 623 
GOES-14 visible imagery also provides direct evidence for the existence of cirrus plumes 624 
that have detrained away from OTs at heights above the anvil [Setvak et al., 2013; Bedka et al., 625 
2015]. Plumes of condensate, directly connected to OT locations, are evident in consecutive 626 
super rapid scan images for this intense period of the MN-WI storm system. The altered texture 627 
and shadowing associated with these plumes provides evidence that they are present above the 628 
level of the anvil. The image in Figure 10a, acquired at 00:11 UTC on 27-Aug-2013, reveals two 629 
active cirrus plumes (green ovals). For these cirrus plumes, the imagery shows material being 630 
ejected from OTs on multiple successive images. Furthermore, the rising and cooling OT 631 
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examined in Figure 9 is evident at the far left in Figure 10 at a time ~30 minutes earlier in its 632 
development. 633 
 634 
Figure 10. GOES-14 visible and infrared imagery of active and decayed plumes in the 635 
stratosphere. (a) Visible image acquired at 00:11 UTC on 27-Aug-2013 showing plumes (green 636 
ovals) of condensate ejected from active OT regions. These cirrus plumes were evident on 637 
multiple successive images. Also evident are actively rising OTs (cyan circles). The one at the 638 
far left of the image is the OT featured in Figure 9 at an earlier stage in its development. (b) The 639 
corresponding image in the infrared. Actively rising OTs are evident as colder pixels above the 640 
warmer anvil below. The central OT, for example, is radiating at ~197 K (purple pixels), which 641 
is ~6 K colder than the black pixels of the anvil below (~203 K, 16 km, 380 K potential 642 
temperature). Plume material that has irreversibly mixed with the surrounding stratosphere is 643 
evident as warmer red pixels above the comparatively cooler anvil. There are two regions 644 
radiating at ~208 K (17.5 km, 420 potential temperature). This ~5 K difference is equivalent to 645 
an above-anvil depth of ~1.5 km.  646 
 647 
In contrast to OT heights, which are inferred from infrared imagery utilizing the 648 
temperature difference between the colder tops of actively rising OTs (cyan circles), material 649 
ejected from OTs that has irreversibly mixed with the surrounding stratosphere (yellow ovals) 650 
will radiate at warmer temperatures than the anvil below. Both these cold and warm anomalies 651 
are evident in the infrared image shown Figure 10b. The pixels in the central rising OT are 652 
purple, indicative of a minimum temperature of ~197 K. This is ~6 K colder than the anvil that is 653 
predominantly comprised of black pixels, signifying a temperature of ~203 K (16 km, 380 K 654 
potential temperature). Three other rising OTs (cyan circles) are also evident. In addition, there 655 
are two regions that are radiating at warmer temperatures than the anvil. Both regions enclosed in 656 
the yellow ovals are comprised of red pixels (~208 K, 17.5 km, 420 K potential temperature) 657 
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surrounded by the black pixels of the anvil below. The regions are approximately +5 K warmer 658 
than the anvil, which is equivalent to an above-anvil height of ~1.5 km. Together, these visible 659 
and infrared images illustrate the processes of injection, detrainment and mixing of convectively 660 
lofted air and ice that leads to the irreversible transport of water into the stratosphere.  661 
4 Convection on the Broader Scale 662 
For convection to irreversibly moisten the stratosphere, the storm systems must be 663 
powerful enough to penetrate the local tropopause and deposit ice directly into the sub-saturated 664 
stratosphere where it can rapidly sublimate. There are several indications that North America, 665 
and the central U.S. in particular, is subject to a greater frequency of summertime convective 666 
storm systems that penetrate the tropopause than other regions at similar latitudes. Global 667 
distributions of deep convection, for example, show a high frequency of events over North 668 
America, in particular, over the Central Plains states of the U.S., with some events extending as 669 
far as 50°N [Laing and Fritsch, 1997; Doswell and Bosart, 2001; Brooks et al., 2003; Zipser et 670 
al., 2006; Liu and Liu, 2016]. No other region at comparable latitudes exhibits such a high 671 
frequency of extreme convective storm systems.  672 
Climatological studies of convection focusing on the U.S. east of the Rocky Mountains, 673 
made possible by the development of the NEXRAD 3-D, gridded, composite radar reflectivity 674 
dataset, show that tropopause-penetrating convection over this region has both a strong annual 675 
cycle and a characteristic geographic distribution [Solomon et al., 2016; Cooney et al., 676 
submitted]. Solomon et al. [2016] evaluated maximum storm-top altitudes at 3-hour intervals for 677 
one year (2004) of composited NEXRAD data, and determined the frequency, magnitude and 678 
location of tropopause-penetrating storms by comparison with the lapse-rate tropopause 679 
determined from ERA-I. They found that tropopause-penetrating convection is most common in 680 
the north-central part of the U.S. (the Great Plains), and that there is a pronounced seasonal 681 
cycle, with the majority of overshooting systems occurring between March and August. 682 
 Cooney et al., [submitted], extended the NEXRAD analysis by examining tropopause-683 
penetrating convection in the summer (May to August) at 1-hour intervals over 10-years (2004 – 684 
2013). Again, they found that the geographic distribution of these deep storms favored the 685 
central U.S., with the very deepest storms occurring more frequently in June, July and August. 686 
Though they note that there is significant interannual variability in the number of storms, a 687 
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simple calculation shows that there are on average 3,816 storms per summer or 31 storms per 688 
day that reach or exceed 2 km above the local tropopause level [Cooney et al., submitted]. 689 
Furthermore, it is estimated that approximately 70% (or ~20) of these will surpass the 380 K 690 
potential temperature level and reach the overworld. While convective penetration is a necessary, 691 
but not sufficient condition for hydration [Homeyer et al., 2017], deep, tropopause-penetrating 692 
storms constitute a potentially important source for stratospheric water vapor over the U.S. in 693 
summer, and the confinement of air parcels within the NAMA effectively integrates the effect of 694 
multiple storms over approximately week-long intervals.  695 
In the following sections we calculate the net contribution of the MN-WI storm system to 696 
the water vapor budget in the overworld stratosphere, and then reexamine it within the broader 697 
context informed by the NEXRAD climatology of convection summarized above, in addition to 698 
aircraft and MLS satellite climatologies of convectively sourced extreme water vapor excursions 699 
over CONUS. 700 
4.1 Estimated Contribution of the MN-WI Storm to Stratospheric Humidity over the U.S.  701 
We estimate the convective contribution from the MN-WI storm system by integrating the 702 
difference between the profiles that sampled the plume on Dive 4 and an inferred unperturbed 703 
background. The multiple vertical sampling dives executed during the 27-Aug-2013 flight 704 
provide the data to establish a reliable background. An initial profile was determined by 705 
calculating the mean mixing ratio in each 0.1 hPa bin from 150 hPa to 60 hPa. Because the water 706 
vapor extrema skew this simple mean profile, we calculate a more robust bin-average profile by 707 
excluding all data greater than one standard deviation from the simple mean. This adjusted bin-708 
average profile is then extrapolated to match the dimensions of the 1-second water vapor dataset. 709 
Figures 11a,b show the adjusted mean background profile (black), the measured values (blue), 710 
and the absolute difference between the two (red) as a function of pressure, for Dive 4 descent 711 
and ascent, respectively. The approximate potential temperature is shown on the right-hand 712 
vertical axis, and the potential temperatures of individual water vapor extrema within the larger 713 
plume structure are identified for both the descent and ascent profiles. In the regions immediately 714 
above and below the plume encounter the measurements return to the nominal background value, 715 
with most of the data falling within the envelope of one standard deviation from the mean (thin 716 
dashed black lines). Two features mentioned in Section 2.4 stand out in this figure: 1) the distinct 717 
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layering of the plume encounter, with peak values in each layer roughly double the background; 718 
and 2) the similarity in the vertical structure between sampling on descent and ascent.  719 
 720 
Figure 11. Vertical profiles of water vapor mixing ratio. (a) The estimated unperturbed 721 
background profile (black) and 1-sec measurements from within the plume (blue) encountered on 722 
descent of Dive 4 of the 27-Aug-2013 flight are plotted as a function of pressure. The absolute 723 
difference (red) between these two profiles is also shown. Above and below the plume regions, 724 
the difference is within one standard deviation of zero (thin black dashed lines). (b) Same as in 725 
(a), but for Dive 4 ascent. Potential temperatures for individual high water vapor extrema within 726 
the larger plume structure are identified for both descent and ascent. The profiles show similar 727 
structure, with a slight displacement to lower potential temperatures on ascent. The approximate 728 
potential temperature coordinate is indicated on the right-hand vertical axis. 729 
 730 
In order to quantify the convective contribution, we begin by calculating the fractional 731 
change in column integrated water vapor for each vertical profile during the flight. To do this, we 732 
sum over the absolute difference between each of the measured profiles and the adjusted mean 733 
background profile from 115 hPa to 70 hPa and then divide by the corresponding sum over the 734 
background profile. The results for every dive descent and ascent, expressed as a percentage 735 
change in humidity over the specified pressure range, are plotted in Figure 12. For eight of the 736 
twelve vertical profiles, the column integrated percentage differences are within ±3% of zero 737 
(dashed lines). These profiles are indistinguishable, in an integrated sense, from the estimated 738 
unperturbed background. There may be positive and negative excursions over the vertical range, 739 
but in the net they cancel. Four of the profiles, however, show significant deviations, with the 740 
descent and ascent of Dive 4 exhibiting the largest perturbations, 22.1% and 21.7%, respectively. 741 
The fact that most of the vertical samples yield near-zero results lends credibility to the estimated 742 
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background profile for this flight day. Furthermore, the agreement in the column integrated 743 
percentage change between both descent and ascent of Dive 4 provides quantitative validation 744 
that the same outflow plume extended over this geographic region.  745 
 746 
Figure 12. Percentage difference in integrated column water vapor evaluated for every 747 
descent/ascent profile of 27-Aug-2013. The percentage difference in integrated column water 748 
vapor from the adjusted mean background profile is plotted for each descent and ascent of the 749 
27-Aug-2013 flight. The vertical range considered was from 115 hPa to 70 hPa. The indices 750 
correspond to descent (D) and ascent (A) of every vertical sampling dive (#) (see Figure 3a). 751 
 752 
To calculate the total mass of additional water vapor in the overworld stratosphere 753 
associated with this plume, it is necessary to estimate the plume area. As stated in Section 2.4, 754 
we had limited information about the full horizontal extent of the plume, but using the locations 755 
of the plume intercept, we estimated the minimum area to be 2.0x10
4
 km
2
. Using this area 756 
estimate, we convert the absolute difference (Figure 11a,b) over the vertical column from 115 757 
hPa to 70 hPa to an integrated mass. The calculation yields a total change in water vapor mass of 758 
+6.9 kt (with 1 tonne (t) = 1000 kg) when the measurements on descent are used, and +6.3 kt 759 
when the measurements on ascent are used. We conclude, therefore, that the MN-WI storm 760 
system identified above irreversibly delivered a minimum of ~6.6 kt of water to the stratosphere. 761 
If the actual plume area is twice as large, i.e., equivalent to the area impacted by the storm 762 
system estimated from Figure 7, the total water mass added will also be twice as large (~13.2 kt 763 
of water) given a uniform plume.   764 
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To determine the contribution of this storm to larger geographical regions we must make 765 
an assumption about the representative unperturbed (or background) mass of water in the 766 
stratosphere. The simplest approach is to assume a constant stratospheric water vapor profile of 5 767 
ppmv. The corresponding mass in the layer between 115 hPa and 70 hPa can then be computed 768 
for different geographic regions, with:  769 
                                                       
         , and 770 
                                       
 
                                 
 
         
     
 
        
         
for a constant mixing ratio of 5 ppmv,   = 9.81 m/s2, P in hPa, and AREA in km2. Table 1 shows 771 
the results of this approach. Using this method, the estimated percentage increase in water vapor 772 
due to an integrated addition of 6.6 kt over a column extending from 115 hPa to 70 hPa and a 773 
plume area of 2x10
4
 km
2
, is 23%. Note that this result, which utilizes an assumed constant 774 
background mixing ratio of 5 ppmv, is consistent with the more precise calculations shown in 775 
Figure 12. The percentage contribution of this plume to larger geographical regions drops off as 776 
the fractional area occupied by the plume decreases. For example, the estimated percentage 777 
increase for a region encompassing the NAMA upper-level anticyclone, i.e., 25°N – 50°N and 778 
80°W – 105°W, is ~0.08% (~0.15%) , and for a zonal band over CONUS, i.e., 30°N – 50°N and 779 
65°W – 125°W, it is ~0.04% (~0.08%). The values in parentheses represent the estimates for a 780 
doubled plume area. 781 
  782 
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 783 
H2O Added 
6.6 kt (13.2 kt) 
Area (km2) Mass Air (kt) 
Mass H2O (kt) 
Background = 5 ppmv 
% H2O  
Mass Added 
Plume 
[41.5° – 42.6°N; 91° – 89°W] 
2.02x104 9.27x106 2.88x101 23 
CONUS Mid./NAMA 
[25° – 50°N; 80° – 105°W] 
6.08x106 2.79x109 8.68x101 0.08 (0.15) 
CONUS 30-50 
[30° – 50°N; 65° – 125°W] 
1.13x107 5.19x109 1.61x104 0.04 (0.08) 
Zonal 
[30° – 50°N; 180°W – 180°E] 
6.79x107 3.11x1010 9.68x104 0.007 (0.014) 
Table 1. Estimated percentage increase in stratospheric water vapor over a column extending 784 
from 115 hPa to 70 hPa due to the case-study storm system for different geographical regions. 785 
The first column defines the bounds for each geographic region, the second displays the area of 786 
the region in km
2
, the third provides an estimate of the mass of air contained with the volume 787 
described by the area and the 115 hPa to 70 hPa pressure levels, the fourth provides an estimate 788 
of the mass of water in the given volume assuming a constant background mixing ratio of 5 789 
ppmv, and the fifth shows the percentage increase in water vapor resulting from an addition of 790 
6.6 kt (13.2 kt) of water, the amount attributed to the case-study storm system. 791 
 792 
In order to place the individual storm system analyzed here within both a regional and 793 
global context, we next examine aircraft and satellite climatologies of extreme events.  794 
4.2 In Situ Climatology of Water Vapor Extrema Over North America in Summer 795 
In situ water vapor data acquired by HWV (10-second) over 10 airborne missions from 796 
1995 to 2013 are plotted as a function of potential temperature and color-coded by season in 797 
Figure 13. The comparatively quiescent fall and winter months (September – February) are 798 
plotted in gray, spring (March, April) in red, late spring/early summer (May, June) in yellow, and 799 
mid- to late summer (July, August) in blue. The thin black lines broadly capture the full envelope 800 
of the observations and are the same for each of the panels. The panels correspond to three 801 
distinct geographical regions over North America. Figure 13a shows mid-latitude data acquired 802 
over the region west of the Rockies between 30° – 50° N, and from 135° –  115°W, Figure 13b 803 
shows mid-latitude data acquired over the region east of the Rockies between 30° – 50° N, and 804 
from 115° – 65°W, and Figure 13c shows sub-tropical data acquired south of 30°N from 135° – 805 
65°W.  806 
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These figures reveal three primary seasonal and geographical features of UTLS water 807 
vapor over North America. (1) A seasonal cycle in water vapor evident throughout the UTLS at 808 
levels below 440 K, with mean values in the lower stratosphere higher in the late summer and 809 
early fall and lower in the winter and spring. This result is broadly consistent with the analysis of 810 
thirty years of water vapor data acquired on soundings launched from Boulder, CO [Hurst et al., 811 
2011]. As Hurst et al. [2011] noted, both the magnitude and phase of the seasonal cycle in water 812 
vapor evident at mid-latitudes are consistent with the rapid transport of this signal from the 813 
tropical lower stratosphere [e.g., Mote et al., 1996] to higher latitudes. (2) A difference in the 814 
frequency and magnitude of extreme events is evident for the spring/summer data acquired west 815 
of the Rockies and the data acquired over the central and eastern U.S. Of the three regions 816 
plotted, the greatest number of extreme water events is observed over the central and eastern 817 
U.S. throughout late spring and summer. (3) There is a notable difference in the frequency of 818 
extreme events between the data acquired at mid-latitudes (30° – 50°N) and data acquired in the 819 
sub-tropics south of 30°N. Again, there is a greater frequency of extreme events in mid-latitudes. 820 
The correspondence between the regional and seasonal distribution of deep convective activity 821 
and the water vapor enhancements in the observational dataset, including in the case-study 822 
analysis presented here, in combination with in situ and satellite observations of elevated HDO 823 
[Hanisco et al., 2007; Sayres et al., 2010; Randel et al., 2012; Sargent et al, 2014], indicates that 824 
the extrema are most likely caused by the irreversible delivery of water vapor and ice to the 825 
stratosphere over the U.S. via tropopause-penetrating storms. 826 
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 827 
Figure 13. Vertical profiles of in situ water vapor data over the U.S. showing when and where 828 
convective plumes have been observed. Water vapor data from multiple missions measured in 829 
situ by HWV (10-second) are plotted as a function of potential temperature (K). The colors 830 
correspond to season, with the convectively quiescent season between September and February 831 
in gray, and the season of most frequent overshooting convection occurring in the spring and 832 
summer months in red, yellow, blue. The thin black lines defining the nominal envelope of the 833 
observations are the same in each plot. (a) Water vapor data selected to be between 135° and 834 
115°W and between 30° and 50°N. (b) Water vapor data selected to be between 115° and 65°W 835 
and between 30° and 50°N. (c) Water vapor data selected to be between 135°W and 65°W and 836 
located south of 30°N. The greatest frequency of observed water vapor extrema is in the late 837 
spring and summer months (May-Jun and Jul-Aug) over the central U.S. 838 
  839 
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4.3 MLS Satellite Climatology of Water Vapor Extrema Over North America in Summer 840 
The Earth Observing System (EOS) Microwave Limb Sounder (MLS) aboard the NASA 841 
Aura satellite provides a homogeneous, near-global (82°N to 82°S) observational dataset of 842 
many important trace species, including water vapor in the UTLS [Read et al., 2007; Livesey et 843 
al., 2011; 2016]. Since its launch in July 2004, MLS has supplied near continuous measurements 844 
leading to a long and valuable dataset for investigating the stratospheric water vapor budget, as 845 
well as seasonal-to-decadal scale variability in UTLS water vapor. The stated uncertainty of the 846 
MLS water vapor product is ~10% at 100 hPa [Read et al., 2007], and the spatial resolution is 3 847 
km in the vertical, and approximately 200 km in the horizontal. In the following analysis, we use 848 
version 4.2 water vapor data at 100 hPa, and follow the quality-control recommendations of the 849 
MLS science team [Livesey et al., 2011; 2016]. There are some important limitations to the MLS 850 
observations: 1) the sparse sampling of the North American continent on any individual day, and 851 
2) the vertical and horizontal averaging, which significantly impacts both the number of extreme 852 
events observed and their absolute magnitude. Despite these considerations, the broader statistics 853 
evident in the geographical and seasonal distributions of MLS data shown below are robust and 854 
informative. 855 
An examination of MLS monthly or seasonally averaged water vapor at 100 hPa reveals 856 
significant summertime enhancements over two regions in the Northern Hemisphere, the 857 
Himalayas in the Asian sector and the south-central/central to southeastern U.S. in North 858 
America [Ploeger et al., 2013; Randel et al., 2015; Dessler and Sherwood, 2004 (UARS MLS)]. 859 
Both regions occur in conjunction with upper-level anti-cyclonic circulations in proximity to 860 
monsoons [Dunkerton et al., 1995; Gettelman et al., 2004]. This signal is also evident in analyses 861 
of other satellite datasets, such as the Halogen Occultation Experiment (HALOE) and 862 
Atmospheric Composition Experiment Fourier Transform Spectrometer (ACE-FTS) satellite 863 
instruments [Randel et al., 2001; Randel et al., 2012]. 864 
Despite significant vertical and horizontal averaging, MLS is capable of observing 865 
individual high water vapor events (extrema). Using a threshold of >8 ppmv at 100 hPa, 866 
Schwartz et al. [2013] report a high frequency of water vapor extrema in the same two regions 867 
with elevated mean water vapor in the summer. In Figure 2 of Schwartz et al. [2013], the region 868 
with the greatest frequency of water vapor extrema over Asia is centered near 25° – 30°N and 869 
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not clearly isolated from the subtropics. In contrast, the observations of high water over the U.S. 870 
extend to 50°N, where subtropical influence is significantly less likely and local tropopause-871 
penetrating convection is a more probable source term.  872 
Aggregate results of individual water vapor retrievals by MLS reveal many of the same 873 
features as the aircraft climatology. In Figure 14 we show superimposed time-series (black 874 
traces) of all MLS retrievals of water vapor at 100 hPa for each year within a twelve-year period 875 
(2005 – 2016) sub-divided by geographical region (35 geographic bins encompassing CONUS). 876 
The data shown in each bin were acquired within the bounds of the underlying latitude-longitude 877 
area, and the corresponding regional daily mean value for the twelve-year record is overlaid in 878 
pink. This figure shows the seasonal cycle in the underlying mean, as well as the variation in the 879 
amplitude of the mean as a function of geographic location. The seasonal and geographical 880 
dependence of the water vapor extrema is also evident.  881 
Similar to what was found in the analysis of the in situ data, and consistent with the 882 
analysis of Schwartz et al. [2013], Figure 14 reveals several features about water vapor in the 883 
lower stratosphere over this region and season: (1) The seasonal cycle in the mean is evident at 884 
100 hPa, with the summertime maximum more pronounced at sub-tropical latitudes but also 885 
evident at higher latitudes. (2) Extreme events are observed by MLS. Because of vertical and 886 
horizontal averaging, the magnitude of these events is less than, but qualitatively similar to, the 887 
enhancements observed in situ by HWV. (3) As in the aircraft climatology, these events appear 888 
almost exclusively within the continental interior, primarily over the Great Plains east of the 889 
Rockies, and are observed as far north as 50°N. (4) There is a strong seasonality in the 890 
occurrence of these anomalous water vapor enhancements. The extreme events happen 891 
preferentially in the months of June, July, and August (JJA), with peak frequency in July and 892 
August. (5) The total number of these events in summertime over CONUS [30° - 50°N; 65° - 893 
125°W] exhibits large inter-annual variability, with some years registering values as much as 4 894 
times the mean. 895 
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 896 
Figure 14. Time-series of geographically binned MLS water vapor at 100 hPa. Daily time-series 897 
of 100 hPa water vapor retrievals for each year of the twelve year record (2005 – 2016) are 898 
plotted (black traces) in boxes superimposed over their corresponding geographical region. The 899 
daily mean values over the twelve year period for each geographical bin are shown in pink. 900 
These data reveal the seasonal and regional localization of the water vapor extrema. These events 901 
are observed preferentially in the continental interior and as far north as 50°N in the summer. 902 
These extrema are qualitatively similar to the enhancements observed in situ by HWV.  903 
 904 
It is clear from both the in situ and satellite climatologies that the occurrence of 905 
stratospheric water vapor extrema is highly dependent upon both geographic region and season. 906 
In the western hemisphere, the central and south-central U.S. in summer reveals not only the 907 
greatest frequency of these events, but also the largest magnitude events. The case-study plume 908 
encountered on the 27-Aug-2013 flight is an example of one such event, and we have tied this 909 
event to a convective storm system that occurred approximately 12 hours prior to the aircraft 910 
encounter. Given the high frequency of tropopause-penetrating storms over this region and 911 
season evident in NEXRAD data, it is likely that local convection is the dominant source of these 912 
extrema.  913 
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5 Conclusions 914 
Deep convection over the central and eastern U.S. frequently penetrates the tropopause 915 
level. Turbulent processes associated with overshooting convective cores can lead to the 916 
injection and detrainment of water, predominantly as ice, which rapidly sublimates in the sub-917 
saturated environment. This mechanism provides a means of irreversibly delivering water vapor 918 
directly into both the middleworld and overworld stratospheres, bypassing the thermal control of 919 
tropical cold-point tropopause temperatures, which is considered to be the primary constraint on 920 
stratospheric humidity. Moist plumes arising from these events are evident as water vapor 921 
extrema in both high-resolution aircraft and global satellite data.  922 
The SEAC
4
RS field mission staged out of Houston, TX, during the summer of 2013 923 
provided multiple opportunities to sample convective outflow in the stratosphere with the high-924 
resolution capabilities of NASA’s ER-2 high-altitude research aircraft. On the flight of 27-Aug-925 
2013, the aircraft encountered a region of enhanced water vapor, extending over a depth of ~2 926 
km in the overworld (~380 K to 415 K), south of the Great Lakes. The plume was sampled 927 
during the fourth vertical dive of the flight. The locations of the aircraft encounter on descent at 928 
its western edge (42.58°N, 90.96°W, 27-Aug-2013 19:40 UTC) and ascent at its eastern edge 929 
(41.54°, 89.00°W, 27-Aug-2013 20:00 UTC), are used to infer a minimum plume area of 20,000 930 
km
2
. Water vapor mixing ratios in the plume, measured in situ by HWV, reached 13 ppmv and 931 
were 8 ppmv above the nominal background in the upper lobe between 400 K  and 415 K 932 
potential temperature, and reached 18 ppmv and were 10 ppmv above the nominal background in 933 
the lower lobe bewteen 375 K and 385 K potential temperature. The magnitude of water vapor in 934 
this plume was unprecedented for the high potential temperatures and latitudes at which it was 935 
observed.  936 
Complementary data products derived from satellite and ground-based sources, in 937 
conjunction with isentropic trajectory calculations, allow for the identification and 938 
characterization of the contributing storm system. An OT detection product, derived from GOES 939 
IR imagery, offers a comprehensive record of convective activity over CONUS for the period of 940 
the SEAC
4
RS mission, and back-trajectories provide the means to tie individual points within the 941 
plume encounter to individual OTs. Results of the OT and BT analysis show that a storm system 942 
that developed and matured over Minnesota and Wisconsin between 26-Aug-2013 21:00 UTC 943 
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and 27-Aug-2013 12:00 UTC was the most likely convective source for the elevated water vapor 944 
observed in situ on 27-Aug-2013.  945 
A high-resolution 3-D data product derived from the NEXRAD network gives a detailed 946 
picture of the structure and history of this storm. The data demonstrate both the instantaneous 947 
penetration of the tropopause, up to 4 km and 450 K potential temperature, in the convective core 948 
of one storm cell, as well as the long (4 – 5 hour) history of several independent storms within 949 
the larger system. The radar data confirm that a considerable area of the lower stratosphere was 950 
exposed to convective influence, leading to the large enhancement in water vapor observed in 951 
situ approximately 10 to 20 hours downstream. Similarly, super rapid scan GOES satellite 952 
imagery in both the visible and infrared provide an independent method of ascertaining OT and 953 
detrained plume height above the anvil. 954 
Vertical sampling by the ER-2 makes it possible to calculate the net fractional change in 955 
the water vapor column, and to estimate the integrated quantity of water irreversibly transported 956 
to the overworld by this particular storm system. Analysis of the in situ data shows that the 957 
convectively sourced plume increased column water vapor over a range from 115 hPa to 70 hPa 958 
by ~22%. The minimum total mass of water vapor added to the lower stratosphere is found to be 959 
approximately +6.6 kt over the plume area. If the plume area is in fact larger, which is likely, the 960 
net contribution of this storm system will increase. While the contribution of this single storm 961 
system is found to be small, ~0.08% in the NAMA region, the integrated effect of multiple 962 
storms over a period of a week or two, resulting from the confinement of air parcels within the 963 
NAMA circulation, may become significant particularly during years of frequent convection.  964 
Both in situ and satellite climatologies of water vapor extrema show the frequency of 965 
these events in the western Hemisphere is largest over the central and south-central U.S. in 966 
summer, broadly consistent with the geographical and seasonal distribution of tropopause-967 
penetrating convective storms. More work is needed to quantitatively link the observations of 968 
overshooting convection in the GOES and NEXRAD composites with the observations of both 969 
stratospheric water vapor extrema and the enhancement in mean water vapor over the U.S. in 970 
summer. Similarly, analysis of the impact of convection on the broader chemical composition of 971 
this region and season is warranted. Given the potential sensitivity of convective frequency 972 
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and/or strength to increased climate forcing from rising greenhouse gas concentrations, it is 973 
important that the details of this mechanism be understood. 974 
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